-Muscle sympathetic nerve activity is increased during normotensive pregnancy while mean arterial pressure is maintained or reduced, suggesting baroreflex resetting. We hypothesized spontaneous sympathetic baroreflex gain would be reduced in normotensive pregnant women relative to nonpregnant matched controls. Integrated muscle sympathetic burst incidence and total sympathetic activity (microneurography), blood pressure (Finometer), and R-R interval (ECG) were assessed at rest in 11 pregnant women (33 Ϯ 1 wk gestation, 31 Ϯ 1 yr, prepregnancy BMI: 23.5 Ϯ 0.9 kg/m 2 ) and 11 nonpregnant controls (29 Ϯ 1 yr; BMI: 25.2 Ϯ 1.7 kg/m 2 ). Pregnant women had elevated baseline sympathetic burst incidence (43 Ϯ 2 vs. 33 Ϯ 2 bursts/100 heart beats, P ϭ 0.01) and total sympathetic activity (1,811 Ϯ 148 vs. 1,140 Ϯ 55 au, P Ͻ 0.01) relative to controls. Both mean (88 Ϯ 3 vs. 91 Ϯ 2 mmHg, P ϭ 0.4) and diastolic (DBP) (72 Ϯ 3 vs. 73 Ϯ 2 mmHg, P ϭ 0.7) pressures were similar between pregnant and nonpregnant women, respectively, indicating an upward resetting of the baroreflex set point with pregnancy. Baroreflex gain, calculated as the linear relationship between sympathetic burst incidence and DBP, was reduced in pregnant women relative to controls (Ϫ3.7 Ϯ 0.5 vs. Ϫ5.4 Ϯ 0.5 bursts·100 heart beats Ϫ1 ·mmHg Ϫ1 , P ϭ 0.03), as was baroreflex gain calculated with total sympathetic activity (Ϫ294 Ϯ 24 vs. Ϫ210 Ϯ 24 au·100 heart beats Ϫ1 ·mmHg Ϫ1 ; P ϭ 0.03). Cardiovagal baroreflex gain (sequence method) was not different between nonpregnant controls and pregnant women (49 Ϯ 8 vs. 36 Ϯ 8 ms/mmHg; P ϭ 0.2). However, sympathetic (burst incidence) and cardiovagal gains were negatively correlated in pregnant women (R ϭ Ϫ0.7; P ϭ 0.02). Together, these data indicate that the influence of the sympathetic nervous system over arterial blood pressure is reduced in normotensive pregnancy, in terms of both long-term and beat-to-beat regulation of arterial pressure, likely through a baroreceptor-dependent mechanism. pregnancy; baroreflex control; blood pressure; sympathetic nerve activity PREGNANCY IS A MAJOR PHYSIOLOGICAL STRESSOR, necessitating significant cardiovascular adaptations to support the healthy development of fetus and mother. Hemodynamic adaptations that occur during normotensive pregnancies are characterized by systemic vasodilation concomitant with elevations in cardiac output and blood volume, resulting in a curvilinear decrease in mean arterial pressure (MAP) (6). This drop in mean arterial pressure has been linked to elevated risk of syncope and presyncope in pregnant women relative to nonpregnant women (15, 25). Conversely, up to 8% of all pregnancies result in the de novo development of acute hypertension, including gestational hypertension and preeclampsia (48). These disorders are associated with significant increases in maternal-fetal morbidity and mortality (43, 53, 57) , and moreover, women who develop maternal hypertensive disorders have an elevated lifelong risk of developing cardiovascular disease (53). These pregnancy-specific morbidities are suggestive of pregnancyinduced changes to the sympathetic regulation of arterial blood pressure in both normotensive and hypertensive women. However, information regarding the sympathetic control of blood pressure in pregnancy is lacking, and to date there have been no systematic evaluations of acute baroreflex control of sympathetic nervous system activity during normotensive pregnancy in humans (18).
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Although regulation of arterial blood pressure is multifaceted, sympathetic nervous system regulation of the peripheral vasculature plays a major role. Sympathetic nerve activity contributes to long-term blood pressure regulation such that elevations in resting muscle sympathetic nerve activity (MSNA) have been associated with chronic hypertension and other cardiovascular diseases (27, 32) . Moreover, acute (beatto-beat) control of blood pressure is also strongly influenced by baroreflex regulation of sympathetic activity in nonpregnant populations, correcting acute falls in blood pressure (11, 52) . However, the regulation of MSNA during pregnancy has only recently begun to be elucidated (17, 19, 21, 25, 38) .
Contrary to expectation given a reduction in vascular resistance and blood pressure (6) , MSNA is modestly elevated during normotensive pregnancy. This increase in sympathetic activity manifests within the first trimester (25) and persists throughout gestation (17, 19, 38) . The disparity between reduced vascular resistance and blood pressure despite elevated sympathetic activity suggests a decreased contribution of the sympathetic nervous system to overall blood pressure regulation. Previous studies have evoked generalized baroreceptor unloading (drops in arterial pressure associated with head-up tilt or Valsalva's maneuver) to examine the reflex sympathetic responses which are enacted to maintain or restore arterial pressure (25, 42) . These studies have indicated that sympathetic responses are similar between normotensive pregnant women and nonpregnant controls. However, these previous assessments did not control the magnitude of the stimulus (i.e., change in blood pressure) between groups or include specific quantifications of sympathetic baroreflex gain (the slope of the relationship between arterial pressure and sympathetic nerve activity). Therefore, it remains unknown whether the acute (i.e., beat-by-beat) regulation of blood pressure, via the sympathetic baroreflex, is depressed during pregnancy in humans.
An improved understanding of blood pressure regulation during normotensive pregnancies is important for understanding syncope and presyncope in these women. They also serve as a critical bench mark needed to identify potential mechanisms which contribute to the development of hypertension in some pregnancies. Therefore, the purpose of this study was to quantify the role of the sympathetic nervous system in the acute regulation of blood pressure in normotensive pregnant women in the third trimester of pregnancy relative to nonpregnant, similarly aged women. We hypothesized that pregnancy would be associated with reduced muscle sympathetic baroreflex gain (i.e., blunted sympathetic responses to spontaneous fluctuations in blood pressure) in conjunction with an upward resetting of the baroreflex set point (i.e., a higher basal sympathetic activity for a given basal pressure).
MATERIALS AND METHODS
Participants. Data from 11 healthy pregnant women and 11 healthy nonpregnant controls who had volunteered to participate in larger studies examining neurovascular regulation were selected for analysis (see Table 1 for participant characteristics). These data have not been published previously. All women participated after providing written, informed consent. All test protocols performed in these studies were approved by the Health Research Ethics Board at the University of Alberta and conformed to the standards set by the latest revision of the Declaration of Helsinki.
All participants were normotensive nonsmokers, free of respiratory, cardiovascular, and neurological diseases. All pregnant women had singleton pregnancies and were tested in the third trimester. None of the participants reported a history of gestational diabetes, gestational hypertension, or preeclampsia. Nonpregnant participants were selected based on similar age and body mass index (BMI) (prepregnancy BMI) as the pregnant participants; height and weight were measured in all participants, while prepregnancy weight was selfreported. Four nonpregnant women were using hormonal contraceptives which inhibited monthly menses (Mirena intrauterine device, n ϭ 3; Micronor oral contraceptive, n ϭ 1). Because of the lack of menses in these participants, women taking hormonal contraceptives were tested at their convenience during the high exogenous (low endogenous) hormone phase of contraceptive use. Women not taking hormonal contraceptives were tested in the early follicular (low endogenous hormone) phase of the menstrual cycle.
Experimental protocol. All measurements were collected a minimum of 1 h following a light standardized meal, and after participants had abstained from caffeine, alcohol, and strenuous exercise for 12 h. Women were seated in a semirecumbent position in a dentist-style chair in a quiet laboratory. Following study-specific instrumentation, all participants relaxed for an initial baseline period of not less than 10 min. For the purpose of this analysis, a minimum of 5 min of baseline data were extracted (range ϭ 6 -17 min), which were collected prior to the completion of any physiological perturbations specific to the individual studies in which the women were participating.
Measures. Baseline arterial blood pressure was assessed manually prior to the baseline data collection period. Blood pressure was determined with a mercury sphygmomanometer by trained observers. The average of three manual blood pressures was used later to calibrate the blood pressure values obtained by photoplethysmography (Finometer; Finapres Medical Systems, Amsterdam, The Netherlands). Calibrated beat-by-beat pressure waveforms were analyzed to determine MAP, systolic (SBP), and diastolic (DBP) blood pressures. Heart rate was determined from the standard three-lead electrocardiogram. As a component of the larger studies from which these data were obtained, participants breathed through a mouthpiece which allowed for the recording of respiratory patterns. From these data we assessed respiration rate.
Postganglionic MSNA was assessed by microneurography at the peroneal (fibular) nerve (model 662C-3; Iowa University Bioengineering). A reference electrode was positioned subcutaneously 1-3 cm from the sympathetic recording site, while a tungsten microelectrode (35 mm in length, 200 m in diameter, uninsulated 1-5 m tip) was inserted transcutaneously into the nerve and manipulated into position within proximity of sympathetic neurons innervating vasculature within muscle. A muscle sympathetic site was determined based on the production of pulse-synchronous bursts of activity which increased in firing frequency during a voluntary apnea, but were unaffected by arousal to a loud noise (12) . Neuronal recordings were amplified 1,000 times by a preamplifier and 10,000 times by a variable-gain, isolated amplifier before being bandpass filtered (700 -2,000 Hz), rectified, and integrated (time constant 0.1 s).
Data analysis. Bursts of sympathetic activity were identified by semiautomated peak detection by a trained observer. Sympathetic nerve activity was quantified as burst frequency (bursts/min), burst incidence (bursts/100 heart beats), as well as burst amplitude and total MSNA (amplitude ϫ burst incidence). To account for interparticipant differences in burst amplitude which are indicative of the number (34) and size (49) electrode, and are therefore affected by electrode position, a normalization was applied to the burst amplitude data. Within each participant, all bursts were expressed relative to the largest burst observed at baseline, which was assigned a value of 100. The impact of pregnancy on the baroreflex control of sympathetic nerve activity was assessed by relating spontaneous burst incidence and total MSNA (22) to corresponding fluctuations in DBP values (52) . Baroreflex set point was determined by comparing prevailing DBP and burst incidence and total MSNA between groups. That is, a difference in prevailing DBP for a given level of sympathetic nerve activity would indicate a lateral shift in the baroreflex set point, while a difference in sympathetic activity for a given DBP would indicate an upward/downward shift in the set point. The slopes of the relationships between MSNA burst incidence/ total MSNA and DBP were calculated to represent spontaneous sympathetic baroreflex gain (52) . Briefly, MSNA data were shifted backward so that the peak of each sympathetic burst coincided with the diastolic period which initiated it. Burst amplitude data, as they corresponded to each DBP, were then extracted. Diastolic blood pressure data were then averaged into 2-mmHg bins. The percent occurrence of a sympathetic burst (ranging from 0 to 100%) within each DBP bin provided the values of sympathetic burst incidence. To determine the relationship between total MSNA and DBP, the sum of normalized burst amplitudes were determined within each DBP bin. This value was then divided by the number of bursts within each bin to calculate mean amplitude per burst, which was then multiplied by burst incidence of the corresponding DBP bin to generate a value of total MSNA for each DBP bin.
The spontaneous cardiovagal baroreflex control was determined by the sequence method (2, 39, 46) . Briefly, regression analyses were performed on sequences of three or more consecutive cardiac cycles exhibiting concurrent changes in systolic blood pressure and R-R interval (both rising or both falling) (2, 50) . Numbers of cardiac cycles and baroreflex sequences used for analysis were not different between groups. On average, the analysis was performed on 675 Ϯ 236 cardiac cycles resulting in 89 Ϯ 30 baroreflex sequences for analysis. We analyzed 11 of 22 data sets by using a lag 0 criterion (2), which is consistent with evidence that the R-R interval is generally modulated within the same cardiac cycle (40) . However, seven data sets were analyzed by using a lag 1 criterion and four data sets were analyzed by using a lag 2 criterion which increased the number of baroreflex sequences (50) . The mean slope of identified sequences was taken to represent cardiovagal baroreflex gain. Only regressions with an r 2 Ͼ 0.85 were included in the analysis. The cardiovagal set point was determined as the quotient of the prevailing R-R interval and systolic blood pressure.
Because of the presence of sigmoidal curves in some participants, a two-step approach was used to isolate the linear portion of the baroreflex curves. First, three blinded, unbiased, independent reviewers visually inspected the data points of each participant's baroreflex curve to determine the upper and lower ends of the linear portion of each curve. The upper and lower plateaus of each curve, where they existed, were then removed from the analysis to isolate the linear portion of the curve. Consensus between two reviewers was required for removal of data. Next, the linear baroreflex data were fitted by using a linear regression to determine the slope in each participant.
Statistical analyses. Baseline hemodynamics, respiratory, and MSNA characteristics were compared between groups by using unpaired, equal variance, two-tailed t-tests; alpha was set at 0.05. Baroreflex slopes were calculated for each participant and were also compared between groups by using unpaired two-tailed t-tests. Associations between cardiovagal and sympathetic gains, as well as respiratory rates and sympathetic gains, were determined by linear regression analyses.
RESULTS
Baseline hemodynamic and muscle sympathetic characteristics are presented in Table 1 . Heart rate and respiration rates were significantly elevated, and R-R interval was reduced, in pregnant women, whereas blood pressures were similar between pregnant and nonpregnant women. Sympathetic burst frequency, incidence, and total MSNA were greater in pregnant women relative to the nonpregnant controls (Fig. 1) .
All linear regressions between DBP and both sympathetic burst incidence and total MSNA (i.e., sympathetic baroreflex gain) had R values greater than 0.8 (range: 0.82-0.99). The mean slope of the linear portion of the baroreflex curve was significantly steeper in nonpregnant women than in pregnant women, regardless of whether MSNA was quantified as burst incidence (Ϫ5.4 Ϯ 0.5 vs. Ϫ3.7 Ϯ 0.5 bursts·100 heart beats Ϫ1 ·mmHg; P ϭ 0.03) (Fig. 2) or total MSNA (Ϫ294 Ϯ 24 vs. Ϫ210 Ϯ 24 au·100 heart beats Ϫ1 ·mmHg; P ϭ 0.03) (Fig. 3) .
Cardiovagal baroreflex gain was not different between nonpregnant controls and pregnant women (49 Ϯ 8 vs. 36 Ϯ 8 ms/mmHg; P ϭ 0.2) (Fig. 4) . In pregnant women, sympathetic burst incidence baroreflex gain was negatively associated with cardiovagal baroreflex gain (R ϭ Ϫ0.7; P ϭ 0.02). However, no relationship was observed between these slopes in the nonpregnant women (R ϭ Ϫ0.2; P ϭ 0.6).
To determine whether differences in respiration rates could account for the pregnancy-related differences in sympathetic baroreflex gain, baroreflex slopes were regressed against res- Fig. 1 . Sample microneurography recordings from a nonpregnant (A) and a pregnant woman (B). BMI, body mass index; DBP, diastolic blood pressure; hb, heartbeat. piration rates in both groups of women. However, respiration rates were unrelated to either sympathetic or cardiovagal baroreflex gain.
DISCUSSION
This study is the first to directly examine spontaneous sympathetic baroreflex gain in pregnant women, and as such provides the first human evidence that sympathetic regulation of beat-to-beat blood pressure is reduced in normotensive pregnancy. We observed a significant association between cardiovagal and sympathetic baroreflex gains in the pregnant women, suggesting a common underlying mechanism, such as the baroreceptors themselves, in the etiology of this reduction in sympathetic baroreflex gain. These data also demonstrate an upward shift in the sympathetic baroreflex set point during pregnancy (i.e., an elevation in mean sympathetic nerve activity despite a maintenance of arterial pressure) relative to the nonpregnant state, further indicating a reduced role of the sympathetic nervous system in the long-term regulation of blood pressure during normotensive pregnancy.
Prior to this study, all research regarding sympathetic baroreflex sensitivity during pregnancy has been conducted with animal models. These studies indicate that baroreflex-mediated increases in renal sympathetic nerve activity during acute reductions in blood pressure are blunted in pregnant rabbits (5) and rats (33) . Similar studies also indicate that the maximum gain of the sympathetic baroreflex is attenuated by pregnancy (5, 9), although not all studies have replicated this finding (33) . While our study is the first to directly examine sympathetic baroreflex gain in pregnant women, previous studies have examined generalized sympathetic responses to acute changes in blood pressure. During head-up tilt (25) and Valsalva's maneuver (42) , similar increases in MSNA have been documented in normotensive pregnant women and nonpregnant controls in the first (25) and third (42) trimesters of pregnancy, suggesting that absolute baroreflex-mediated sympathoexcitatory responses are not affected by pregnancy.
Several factors may contribute to an attenuation of sympathetic baroreflex function during pregnancy. First, respiration rate is increased during normal, healthy pregnancy. This induces more frequent swings in intrathoracic pressure, inducing fluctuations in blood pressure which might affect baroreflex gain. However, we failed to observe any association between respiration rate and either sympathetic or cardiovagal baroreflex slopes. Therefore, pregnancy-dependent differences in breathing patterns cannot explain the attenuation to sympathetic baroreflex gain. Alternatively, arterial distensibility may be increased in pregnant women (47) , which would reduce baroreflex loading (or unloading) for any given change in blood pressure. Further, some evidence [but not all (28) ] suggests that aortic baroreceptor afferent nerve responses are attenuated for a given distending pressure in pregnant rats relative to control animals (24) . There is good [but not universal (29) ] evidence that cardiovagal baroreflex regulation of heart rate is also impaired during normal pregnancy (3, 19, 30, 44) and further so during hypertensive pregnancy disorders (16, 44) . These data support a mechanism specific to the baroreceptors themselves. To investigate this further, we compared cardiovagal baroreflex gain between the pregnant women and the nonpregnant controls. Although baseline cardiovagal baroreflex gain was not different between groups, we observed Fig. 3 . Total sympathetic activity baroreflex gain. The set point of the baroreflex was reset upward in normotensive pregnant women relative to nonpregnant controls. The linear portion of the total sympathetic baroreflex curve was less steep in pregnant women relative to nonpregnant women (Ϫ294 Ϯ 24 vs. Ϫ210 Ϯ 24 au·100 heart beats Ϫ1 ·mmHg; P ϭ 0.03). Data are means Ϯ SE. Fig. 2 . Sympathetic burst incidence baroreflex gain in normotensive nonpregnant and pregnant women in the third trimester of gestation. A: muscle sympathetic nerve activity (MSNA) burst incidence was significantly elevated in normotensive pregnant women relative to nonpregnant controls. DBPs were similar between groups, indicating an upward resetting of the sympathetic baroreflex curve with pregnancy. The linear portion of the sympathetic baroreflex curves were less steep in pregnant women relative to the nonpregnant control participants (Ϫ3.7 Ϯ 0.5 vs. Ϫ5.4 Ϯ 0.5 bursts·100 heart beats Ϫ1 ·mmHg
Ϫ1
; P ϭ 0.03), indicating a blunting of sympathetic baroreflex gain with pregnancy. B and C: sample sympathetic baroreflex curves in nonpregnant and pregnant women, respectively. BI, burst incidence. Data are means Ϯ SE. a significant, negative correlation between sympathetic burst incidence baroreflex gain and cardiovagal gain in the pregnant women only. These data indicate that the steeper (and more positive) the cardiovagal baroreflex slope, the steeper (and more negative) the sympathetic baroreflex slope. While it has been established that cardiovagal baroreflex sensitivity is not related to sympathetic baroreflex sensitivity in young, healthy humans (14) , the association observed in the pregnant women is suggestive of a common, baroreceptor-dependent mechanism at play which contributes to the blunting of sympathetic gain in pregnant women relative to nonpregnant controls. Finally, central integration sites of sympathetic outflow also appear to be downregulated in pregnancy, as indicated by animal studies (10, 13) . The etiology of these adaptations remains speculative, but the increases in circulating sex hormones (estradiol, progesterone, and testosterone) which occur during human pregnancy (37) have been suggested to contribute to these mechanisms (4, 18) , as have changes in pressor and pituitary hormones (4) . A recent review by Brooks and colleagues (4) has highlighted the possible roles of elevated circulating 3-alpha-hydroxy-dihydroprogesterone, a metabolite of progesterone, and reduced effects of circulating insulin, both of which may act to impair central baroreflex processing in the pregnant brain.
The secondary finding of our investigation was the upward shift in the sympathetic and downward shift in the cardiovagal baroreflex set point in pregnant women. Our participants were tested in the third trimester of pregnancy, during which blood pressure returns toward prepregnancy values (6) , and as a result we observed blood pressures which were similar between the pregnant and nonpregnant women. However, this occurred within the context of a pregnancy-induced sympathoexcitation, reflected as increases in sympathetic burst frequency, incidence, and total sympathetic activity. These data imply that sympathetic neurovascular transduction, the translation of the sympathetic neural signal into a vascular outcome, is inhibited by pregnancy, a phenomenon which was documented in a recent study conducted in the first trimester of pregnancy (25) . Increases in circulating nitric oxide have been hypothesized to oppose the vasoconstrictor influence of elevated sympathetic nerve activity (25, 45) . Such increases might be elicited through an increase in shear stress on the vascular endothelium due to elevated cardiac output (7, 56) , and/or an estradiol-mediated increase in nitric oxide synthase (51) . Alternatively, the efferent sympathetic signal could be associated with reductions in neurotransmitter release with pregnancy, thereby reducing the vasoconstrictor effects of a given burst of sympathetic activity. Indeed, some studies support a lack of change in circulating norepinephrine during normotensive pregnancy (35, 36, 54) , although other studies have documented elevated norephinephrine relative to nonpregnant controls (1, 8, 25, 58) . However, a complete understanding of the mechanisms which contribute to changes in the relationships between blood pressure, sympathetic nerve activity, and vascular outcomes remain to be fully elucidated. Importantly, the changes in baroreflex function and neurovascular transduction which appear to occur during normotensive pregnancies may represent potential mechanisms explaining an increased incidence of orthostatic intolerance in normotensive pregnant women relative to nonpregnant controls (15, 25) . The sympathetic nervous system plays an important role in regulation of peripheral blood flow, and increases in sympathetic nerve activity occur during acute reductions in blood pressure which, in turn, increase vascular resistance to favor the return of blood to the heart and a restoration of set point blood pressure (26, 41, 55) . Accordingly, alterations to the gain of this loop would be associated with inappropriate sympathetic responses to acute perturbations in blood pressure. Indeed, our finding of reduced baroreflex gain in normotensive pregnant women indicates that sympathetic responses to acute falls in blood pressure may be insufficient to properly restore blood pressure on a beat-by-beat basis, despite the maintenance of normal blood pressure when averaged over time. Furthermore, if decreased sympathetic baroreflex regulation of blood pressure is considered a normative adaptation during normotensive pregnancy, failure of this adaptation to occur may contribute to increased blood pressure in hypertensive pregnancies. Indeed, hypertensive pregnancies are associated with exaggerated increases in basal sympathetic activity relative to normotensive pregnancies (19, 20, 20, 21, 42) .
Limitations. In this study, we utilized the spontaneous method for calculating sympathetic baroreflex function, as opposed to the "gold standard" for baroreflex assessment, the modified Oxford method. The modified Oxford method reveals sympathetic responses to a wide range of blood pressures, as hypotension and hypertension are elicited through pharmacological means. However, a pharmacological approach is not ideally suited to pregnant women (15, 25) . On the other hand, spontaneous measures of baroreflex sensitivity have been validated against modified Oxford methodologies (23) and are representative of a physiological range of blood pressures.
This study made use of a cross-sectional design which compared women in the third trimester of gestation to similarly aged nonpregnant controls. Although less statistically robust than a longitudinal approach, this design allowed us to compare normotensive nonpregnant women to pregnant women in the third trimester of gestation, the period when these women are at greatest risk of developing pregnancy-induced hypertensive disorders. As such, these data were designed to create a point from which to compare future data collected in women with gestational hypertension and preeclampsia, disorders which develop after 20 wk of gestation (31) .
Summary. In the present study we observed that both the gain and set point of the sympathetic baroreflex are affected by pregnancy. These data suggest a mechanism by which pregnant women might be more prone to orthostatic hypotension than their nonpregnant counterparts (15, 25) . Perhaps more importantly, these data provide an important benchmark level of knowledge regarding sympathetic regulation of blood pressure in pregnant women. These data are particularly relevant for the study of mechanisms leading to hypertensive pregnancy disorders which are associated with an increase in blood pressure in conjunction with greatly elevated sympathetic activity compared with normotensive pregnancy (19 -21, 42 ).
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